Dissipation mechanisms are experimentally studied on topological insulator surfaces of Bi 2 Te 3 , where common Joule dissipation was observed to be suppressed due to topologically protected surface states. Thus, a novel type of dissipation mechanism is observed by pendulum AFM, which is related to single electron tunneling resonances into image potential states that are slightly above the Bi 2 Te 3 surface. The application of a magnetic field leads to the break down of the topological protection of the surface states and restores the expected Joule dissipation process. Nanomechanical energy dissipation experienced by the cantilever of pendulum AFM provides a novel source of information on the dissipative nature of the quantum-tunneling phenomena on the topological insulator surface.
INTRODUCTION
Topological insulators (TI) attract great attention due to the potential use of the topologically protected surface electronic states in advanced communications and information processing systems, as well as in quantum computing [1] . The layered compound Bi 2 Te 3 is a model TI with prevented electron back-scattering, long electron lifetimes [2] [3] [4] and reduced electrical resistance at low temperatures due to the effect of weak anti-localization [5] . Although electronic properties of topological insulators have been studied extensively, the frictional response of their surfaces is yet to be reported. The impact of electronic structure and topologically protected surface states on the dissipative interaction between an oscillating tip and the sample is the scope of the present study.
Image potential states (IPS) on metallic surfaces [6] [7] [8] [9] [10] [11] [12] resembling Rydberg series were observed on several topological insulators [13] [14] [15] [16] [17] , with the energy states lying slightly below the vacuum level. Angle-resolved two-photon photoemission (2PPE) studies of Bi 2 Te 2 Se surfaces reported on the first IPS to be at E = 4.5eV above Fermi level [15] . IPS are weakly coupled to the bulk in comparison to the other surface states. The image potential states of TIs have relatively long lifetimes in the order of fs, comparable to metallic surfaces [12] . In Scanning Tunneling Spectroscopy (STS), IPS are detected as Gundlach oscillations, which is a phenomenon of field emission resonance through IPS in the tip-sample gap [18] . The IPS are located a few nm away from the surface with an increasing tendency for higher quantum numbers n. The wave functions of IPS were reported to be extended up to 20nm away from the surface in two photon photoemission experiments [19] . Although the presence of such IPS is well known, their impact on non-contact energy dissipation is not explored, so far.
Atomic force microscope (AFM) utilising a cantilever oscillating like a tiny pendulum over a surface is designed to measure extremely small non-contact energy dissipation and serve as an ultra-sensitive, non-invasive spectroscopy method [20] [21] [22] 
(see Supplementary
Information section S1 and Supplementary Figure 1) . It has been shown that non-contact pendulum geometry AFM (pAFM) is sensitive to different types of energy loss mechanism in non-contact regime, where the oscillating probe is separated from the sample by a vacuum gap. In particular, phonon excitation [20] , Joule ohmic dissipation [20] or van der Waals dissipation [23, 24] were reported.
Here we combine Scanning Tunneling Spectroscopy (STS) with pAFM on a clean Bi 2 Te 3 surface (see Methods). The measurement setup is described in Figure 1 (a). Rydberg-like series of conductance maxima are observed by z-V spectroscopy, where the bias is swept with an active feedback in constant current mode. Thus field emission resonances are very well resolved up to the fifth order.
Mechanical dissipation measurements by pAFM show increased energy losses at discrete separations and voltages up to distances of 14nm. Combined STM/pAFM measurements reveal that the Gundlach oscillations are accompanied by increased mechanical dissipation.
Therefore, we interpret the enhanced dissipation losses at discrete separations and voltages to charge fluctuations of the IPS. Tunneling processes lead to occupancy and de-occupancy of the IPS, which is detected by pAFM. If magnetic fields are applied, we do observe that Joule-type dissipation rises, which is presumably related to the destruction of the topological protection, which opens the channel for scattering to bulk states giving rise to increased Joule dissipation as it is more common on ordinary metallic surfaces [20] .
RESULTS

Scanning Tunneling Microscopy imaging and bias dependent tunneling spectra
A typical Scanning Tunneling Spectroscopy (STS) spectrum taken at close tip-sample distances at 5K is presented in Figure 1 (b). The inset shows an atomically resolved topography image, acquired in constant current mode STM performed with a gold-coated cantilever tip (see Methods for details of STM and STS measurements). Close to Fermi energy, the dI/dV spectrum reveals a linear dependence on bias voltage and the linear part of the curve crosses the voltage axis at about V s = −0.3V bias voltage. Depending on the crystal growth conditions and doping, values between -0.1V to -0.4V have been reported [15, 26, 27] . The similar linear density of states, resembling a Dirac cone, is a signature of the topologically protected surface state of pristine Bi 2 Te 3 [28] . It is, therefore, reasonable to assume that the topologically protected electronic structure of the Bi 2 Te 3 surface is preserved [28] .
z(V ) spectroscopy measurements were performed by a continuous sweep of the tip-sample voltage while keeping the current constant by the STM feedback. Thus, the STM tip retracts if there is an increase in the tunneling current, thereby revealing the Rydberg-like series of electronic states as shown in Figure 1(c) . The total change of tip-sample distance z observed between the V s = 1V − 10V voltage sweeps is about 2.5nm, showing 6 step-like increments.
The change of each ∆z step is about 300pm. The first peak (n=0) located close to V s = 5V is related to the local work function [10] of the surface. z(V ) spectra show a sequence of field emission resonances numbered by the quantum numbers, n=0,1,2,3,4,5, which are visible in the differentiated z(V ) curves as shown in Figure 2 (a). Recent 2PPE experiments on bismuth rich surfaces reported IPS [13] [14] [15] [16] [17] , and apart from Rydberg-like series, a peak localized at 2.5eV energy, which is present in our STS data as well. In local probe measurements its presence is location dependent and thus it might be related to the subsurface defect or interlayer/interface states (see Supplementary Figure 2 for location dependent experiments and local z(V ) spectra) [29, 30] . It needs to be mentioned that, since the STM measurements are performed with a tip mounted on a cantilever, the static deflection of the sensor was monitored. Forces in the range of pN (see Supplementary Figure 3 ) were detected.
Field emission resonances probed by oscillating STM tip
We performed combined STM and AFM based spectroscopy measurements, by means of z(V ) spectra obtained from pAFM running in STM mode, while the tip was oscillating.
Energy dissipation of the cantilever was monitored, while simultaneously measuring the tunneling current between the tip and the Bi 2 Te 3 surface. The amplitude of lateral oscillations during combined STM/AFM spectroscopy measurements by pAFM was set to ∼ 30pm.
Due to the geometry of the tip, this results in amplitude normal to the surface of 2 − 3pm (see Supplementary Figure 4 ). This is two orders of magnitude smaller than the change of tip-sample distance ∆z observed in z(V ) curves. In Figure 2 curves is related to the z retraction of the z(V) spectroscopy. Although the frictional response of the AFM is known to depend on tip-sample distance and bias voltage that is applied between the tip and the sample [20, 23] , the simultaneous increase of the dissipation signal and the correspondence to the series of IPS provides strong evidence that both phenomena 
Dissipation spectroscopy measurements by pAFM
Apart from provoking conventional forms of energy dissipation mechanisms, such as phonon and Joule losses [20, 31] , the external perturbation caused by an oscillating tip might push a finite quantum system towards a transition or a level crossing with subsequent fluctuation and relaxation of the system, eventually resulting in the enhancement of energy loss [21, 32, 33] . On Bi 2 Te 3 surface, we claim that the energy losses occur when the oscillating tip couples to the charge fluctuations of IPS due to electron tunneling. In the AFM mode, the tip is retracted away from the STM operation distance and the feedback is switched from STM to AFM operation. The tip is oscillated with 300 −400pm lateral oscillation amplitude and the oscillations perpendicular to the sample are in the order of 30pm. Before measuring dissipation, the tip-sample distance and oscillation amplitude are controlled in order to exclude modulation currents due to the cantilever oscillation. After retraction, the sample bias was swept between 10V to -10V while the tip is grounded and dissipation and frequency shift spectra are recorded. The pendulum AFM voltage dependent measurements show parabolic dependence of the frequency shift (∆f ) and non-monotonic dissipation, as shown in Figure   3 (a) (see Methods section for details about ∆f and dissipation signals). At 5nm tip-sample separation, we observe the first peak in dissipation data located at V = ±7.4V and a second peak at V = ±8.5V. Both are symmetric with respect to contact potential difference (CPD) (see Supplementary Information section S3). This is in analogy to AFM measurements of weakly coupled quantum dots [38] or molecules in break junctions [41] , where the voltage drop is divided across two capacitances (tip-molecule capacitance and molecule-sample capacitance). If the capacitances are comparable, symmetric case is observed. The ∆f signal acquired simultaneously with dissipation signal shows deviations from the simple parabolic dependence (see Supplementary Figure 6 ) which coincides with the position of the enhanced dissipation, meaning after each dissipation peak, cantilever tip-sample capacitive coupling changes and the tip is subject to slightly different force fields.
The distance dependence of energy dissipation is shown in Figure 3 (b). The data were obtained by approaching the tip towards the Bi 2 Te 3 sample with a constant voltage of V s = 9V. Two main features are present in the dissipation versus distance spectra: Firstly, a series of dissipation peaks at z = 2, 6, 10nm distances are observed. Secondly, we notice an overall rise of dissipation plateau after tip approaches to the first dissipation peak. At distances larger than z > 10nm the minimum value of damping coefficient is equal to Γ = 7.0 · 10 −10 kg/s and then levels off to be about Γ = 2 · 10 −9 kg/s at closer tip-sample distance. This rise of dissipation plateau after the first dissipation peak suggests the opening of a specific dissipation channel at distances closer than z = 9nm and tip-sample voltage V s = 9V. Distance -dependent dissipation spectra measured at sample bias V s 5V are shown in Figure 3 (c). The spectra show d −3/2 power law in agreement with the theory of non-contact dissipation on thin metallic film on an insulator [24, 34] .
The dissipation map in Figure 4 which indicates that dissipation is not force but voltage controlled. It has to be noted that the van der Waals force present at lower biases cannot cause the discussed dissipation features. Similar to the case of charging of quantum dots [32, 33] , the amount of dissipated energy is also in the order of tens of meV per cycle indicating a single electron tunneling process. The position of dissipation peaks shifts linearly towards higher bias voltages with increasing tip-sample distance due to the decrease of capacitive coupling between tip and sample. This is shown in detail in Figure 4 (b), and the measurement reported on lever arm α = 3nm/V . Thus, at far distances, the voltages of dissipation features are shifted compared to the voltages observed by STM, as shown in Figure 2 . This can be understood by taking into account that AFM data are influenced by the voltage drop across the vacuum gap, which is divided by the two effective capacitances C tip and C sub (see Figure 4 (c)). At very close distances below 4 nm, we observe a nonlinearity in tip-sample capacitive coupling.
This suggests that the tip radius R is approximately equal to 4nm [42] . The extrapolation of the first dissipation maximum to the d ≤ 1nm, a working distance of STM, results in suggests that the tip radius is equal to about 4nm. The schematics of the tip-sample geometry and the equivalent electrical circuit is shown in c, where R, d, z and S stands for tip radius, tip distance to the IPS, the distance of IPS to the surface and tip projected "active" surface area, respectively.
In analogy to break junction geometry the voltage drop is divided across two capacitances: tip-IPS (C tip ) and IPS-Bi 2 Te 3 surface (C sub ).
comparable energy scale seen by STS.
Dissipation measurements under magnetic field
To further examine the effect of magnetic field on the dissipation and corroborate on the effect of weak anti-localization [5, 35] we performed the dissipation measurements under external magnetic fields ranging from B = 0 − 0.8T oriented perpendicularly to the sample surface (see Figure 4(a) ). The tip was positioned at a 5 nm distance above the surface.
As the magnetic field rises, dissipation maxima become less pronounced, and the overall dissipation background raises as marked by green arrows in Figure 4 
DISCUSSION
To corroborate onto the origin of observed energy dissipation we estimate the damping coefficient following theoretical predictions for Joule dissipation as given by Volokitin et al.
[34] and formula (19.73) therein:
The theoretical model considers a metallic film on top of an insulating/semiconducting bulk substrate. Such a model accounts for the topologically protected electronic structure of the sample and the measured dissipation versus distance (see Figure 3c ) indeed follows
A more detailed analysis with this model seems not adequate because of the lack of knowledge of the parameters for the case of TI.
In Figure 4 (a,b) the dissipation maxima shifts with voltage and distance, due to voltage division between C tip and C sub as shown in Figure 4c . The symmetry of the curves is in analogy to nc-AFM measurements of quantum dots [38] and molecules on thick insulators [40] . The symmetric appearance is also common in break junction experiments, where resonant tunneling is observed at both polarities [41] . At the voltages, where dissipation maxima occur, we do observe small irregularities in the ∆f signal which fit well two capacitor model with different values for C tip = 0.17aF and C sub = 0.8aF (see Supplementary Figure   6 ) at d = 5nm tip-sample distance. The ratio C tip /C sub = 0.2 gives the position of IPS above the Bi 2 Te 3 surface equal to z = 0.4nm, which is a realistic estimate. Moreover, experiments with different tip material show that the positions of dissipation peaks and related ∆f are symmetric with respect to CPD (see Supplementary Fig. 8 ), as expected for a two-capacitor model. we observed an increase in Joule dissipation due to the increase in electron back-scattering.
FIG. 6. Single electron tunneling between IPS of Bi
As a result, dissipation peaks become less pronounced. The electronic characterization provided by the AFM mechanical dissipation peaks reported here may be used as an efficient and completely noninvasive tool for topological surface analysis, of considerable importance for nanotechnology. Finally, we demonstrated that pendulum AFM can address quantum effects in energy dissipation.
METHODS
Sample
We used highly oriented Bi 2 Te 3 and single crystal Bi 2 Te 3 samples with resistivities: ρ = 0.1 − 5 mOhm ·cm, and carrier mobilities: µ = 3000cm 2 · V −1 s −1 . Samples were cleaved under atmospheric conditions and immediately after transferred into the UHV chamber.
Samples were heated to about T = 300 o C to remove water and weakly bounded molecules.
After that, the crystal was introduced into the microscope chamber where it was cooled down to T = 5K. We didn't observe significant differences between annealed and not annealed samples in our STM and pAFM measurements. Magnetic field experiments were done on single crystal Bi 2 Te 3 without magnetic impurities. We also used lump Bi 2 Te 3 flakes that may have more defects on the surface due to impurity doping. 
AFM measurements
Force and dissipation measurements were done in pendulum-AFM mode (see Supplementary Information section S1 section for details) where cantilever oscillations were parallel to the measured surface. Thus, conservative and dissipative interactions can be measured in the non-contact regime. Lateral oscillation amplitude was kept constant by means of a Phase Locked Loop and vary from A = 200pm to −500pm. Damping coefficient as a measure of dissipation between tip and sample was measured at several tip-sample distances. The non-contact friction coefficient was calculated according to [39] :
where A exc (z) and f (z) are the distance-dependent excitation amplitude and resonance frequency of the cantilever, and the suffix 0 refers to the free cantilever. The distance z = 0 corresponds to the point where the tip enters the contact regime, meaning that the cantilever driving signal is saturated and the tunneling current starts to rise. Friction coefficient can be converted into energy dissipation by:
where A is the oscillation amplitude and e is the elementary charge.
Simultaneous STM and AFM measurements
We also performed simultaneous measurements where we used STM feedback and mea- 
S2. Displacement current and Joule dissipation:
Dissipated power
where I, R, V B stand for displacement current, resistance and bias voltage. When a voltage V B is applied between tip and sample the displacement current is equal to:
where C is tip-sample capacitance and the tip oscillations z(t) = Asin(ωt + φ). Thus:
where
B is the effective damping coefficient proportional to the resistance of the sample. The dissipated power:
and dissipated power averaged over one period of oscillations: The force is calculated according to formula [38] ;
where q = ne.
Next the frequency shift was calculated [38] and fit to the experimental data:
The fitting parameters were: IPS-sample capacitance C sub = 0.8aF and perpendicular component of oscillation amplitude A = 2pm. Thus, Taking everything into consideration, we get: z = 2R 2 0.2dǫr = 0.4nm, which is very realistic estimate.
S4. Measuring IPS of the tip with z-V and dissipation spectroscopy
In our system, the sample is biased, and the tip is grounded. When the sample is biased positively, IPS of the sample is measured with z-V spectroscopy. IPS of the tip is probed if the sample is negatively biased (see Supplementary Figure 7) . The first peak of the dz/dV (V) data is related to the work function of the sample, and its energy may depend on the tip material and shape. A slight difference between the energy of the first peak of IPS of the tip and the sample can be seen in Supplementary Figure 7 .
Work function difference between the tip and the sample can be measured as contact potential difference (CPD) using AFM. CPD value between the tip and the sample can be found by measuring the bias where the dissipation spectrum is minimum. If the tip and the sample are made from the same material, the CPD value would be 0 V. Supplementary value is measured to be 0V.
